The characteristics of ions in saline water can be significantly different along the water salinity gradient. The physiologic processes of plants that are irrigated with this kind of water are remarkably influenced. Based on the field sampling data, the chemical components of irrigation water were studied, and their influence on sunflower nutrient uptake, water content, and dry weight were evaluated. The results demonstrated that irrigation water salinity was mainly controlled by Na, SO 4 , Mg, and Cl concentrations and the ionic characteristics changed as soon as water becomes saline. The concentrations of Na, Ca, Mg, and N in sunflower leaves changed slightly with increasing irrigation salinity, whereas the concentration of leaf C decreased steadily. The ions in irrigation water had significantly different effects on leaf nutrient uptake. The Ca and Cl concentrations in irrigation water significantly influenced the Ca-related ionic exchange and C-and N-assimilation processes in sunflower leaves. The water content in the stem rose positively with irrigation salinity, whereas we observed little response in the leaves, fruits, and roots, although they were all mainly affected by the concentrations of Ca, Cl, Na, NO 3 , and SO 4 in irrigation water. The biomass in leaves, stems, flower discs, and seeds all significantly reduced with irrigation salinity increase, and a loss of about 25% in stem biomass was detected. The concentrations of Na, Ca, Mg, K, Cl, and SO 4 in irrigation water influenced the dry weight of different organs. The results presented here demonstrate that the ionic effects of irrigation water on plant physiologic processes are complex, which is concerning in terms of improving plant salt tolerance and managing saline water resources.
Introduction
The worldwide freshwater shortage and the need for agricultural irrigation have motivated farmers to explore new water resources while compromising water quality. Therefore, saline water irrigation has become a well-established practice in both industrialized and developing countries [1] . However, the types of saline water vary with region and location. The chemical composition of saline water differs throughout the world [2] . Even under the same salinity levels, different ionic components are usually found. As such, the chemical interactions between the active components (e.g., Na, Ca, Mg, Cl and SO 4 ) in saline water might change significantly, which affect the performance of plants that are irrigated. Thus, we need to understand the influence of the chemical composition of saline water on irrigated plant physiology, which may reveal the mechanism of salt tolerance in plant, and thus be useful in engineering plants that are more salt tolerant.
Numerous studies have examined the effects of salinity on various aspects of plant life. Alvarez and Sanchez-Blanco [3] discussed the effect of salinity on plant quality, water relationships, photosynthetic parameters, and ion distribution in Callistemon citrinus. Strogonov [4] reported the various responses of glycophytes and halophytes, emphasizing the different effects of various types of salinity. However, a large number of these studies examined NaCl as the sole salinizing agent [5, 6] . Strogonov [4] discussed the changes in metabolic pathways and the production of toxic intermediates under various types of salinity. Boyko [7] found that a balance between the different species of ions may be less toxic than the equiosmolar concentrations of a single salt. Therefore, the simulation of saline water irrigation with a single salt may produce misleading results about the plant response to salinity [8] . Therefore, increased attention should be paid to the response of plant physiology to the chemical components of saline irrigation water.
Sunflower is an important agricultural crop planted worldwide. As it is a medium salt-tolerant crop and appears to be well adapted for growth under moderately saline conditions [9] , the sunflower physiologic response to salinity has been a research priority [10, 11] . Various studies have been conducted to find appropriate irrigation programs and suitable management measures [12] . However, our understanding of how sunflower physiologic processes are affected by the chemical composition of irrigation water has room for improvement. If we want to improve the sunflower tolerance to saline conditions, we need to understand the mechanism through which salinity affects nutrient uptake, water content, and dry weight. Knowing the threshold of the physiologic response under different ionic compositions of irrigation water would be a potentially useful supplement for saline water irrigation management and sunflower salinity tolerance control.
Thus, we conducted field samplings in a typical saline water irrigated oasis, investigated the ionic compositions of irrigation water, and analyzed their effects on the nutrient uptake, water content, and dry weight of different sunflower organs. The main objective of this study was determining the influence of the chemical components of water on irrigated sunflower physiologic processes. This research contributes to improving the understanding of how the chemical composition of irrigation water changes sunflower growth and yield, which is useful for managing saline water resources and improving sunflower production.
Materials and Methods

Site Description and Sampling
Minqin oasis, located between the Badain Jaran desert and Tengger desert in the lower reaches of the Shiyang River, Northwest China, is an ideal region for investigating the effects of long-term saline water irrigation on sunflower physiology. Irrigation water salinity here ranges from 0.02 to 1.51 S/m [13] , resulting from 60 years of groundwater exploitation for irrigation [14] . As one of the driest regions in China, surface water used for irrigation is very limited. Therefore, more than 80% of the irrigation water comes from underground reserves [15] . In this study, Hongshaliang village of the Minqin oasis was chosen as a sampling region (Figure 1 ). Based on our previous research, this village applied variable salinity irrigation water and had similar patterns of agricultural management, such as sunflower variety, irrigation, and fertilization programs.
Water samples were collected on 2-3 August 2017. We selected 46 irrigation groundwater wells (Figure 1 ), spaced >250 m from one another, along an electrical conductivity of water (ECw) gradient ranging from 0.06 to 1.39 S/m. Each sample was taken after 30 mins of intensive pumping in order to avoid contamination. The ECw value was measured immediately using a DDS-308A conductivity meter (Shanghai Leici, Shanghai, China). We used a global positioning system (GPS) to determine the location of each well. Sealed samples were then taken to the Key Laboratory of Ecohydrology of the Inland River Basin (Lanzhou, China) for chemical analysis.
We chose 46 farmlands that were irrigated by the above sampling wells for collecting sunflower samples. The same variety of edible sunflower were planted in these farmlands. On 21-26 August 2017 (the mature stage of sunflower), five sunflower plants were chosen randomly from each farm area, excavated, and pooled as one sample. The leaves, stems (including petioles), roots, flower discs, and We chose 46 farmlands that were irrigated by the above sampling wells for collecting sunflower samples. The same variety of edible sunflower were planted in these farmlands. On 21-26 August 2017 (the mature stage of sunflower), five sunflower plants were chosen randomly from each farm area, excavated, and pooled as one sample. The leaves, stems (including petioles), roots, flower discs, and seeds of each sample were separated immediately and sealed in polyethylene bags. Then, they were weighed up and taken to the laboratory for physicochemical analysis.
Physicochemical Analysis
Chemical components (K, Na, Ca, Mg, NO3, Cl, and SO4) of irrigation water were analyzed using a Dionex ICS-5000 ion exchange chromatography system (Dionex Corporation, Sunnyvale, CA, USA).
Sunflower samples were clearly washed with distilled water, oven-dried at 80 °C until constant weight. Then, the dry weight of leaves, stems, roots, flower discs, and seeds were measured. The water content (WC) of each organ was calculated according to the formula:
where Wf is the sample fresh weight and Wd is the sample dry weight. The concentrations of carbon (C), nitrogen (N), sodium (Na), calcium (Ca), and magnesium (Mg) were determined in the leaves. The C and N concentration were determined by a Flash EA 1112 elemental analyzer (CE Instruments, Milan, Italy). The concentrations of Na, Ca, and Mg were determined by inductively coupled plasma-mass spectrometry (ICP-MS) (Thermo Fisher Scientific Inc., Waltham, MA, USA), as described by Rios et al. [16] .
Data Analysis
Principal component analysis (PCA) was used to identify the different ions in the irrigation water. Linear regressions, which were performed using PASW Statistics 18.0 (SPSS Inc., Chicago, IL, USA), were used to test the relationships of sunflower physiology and irrigation salinity. Redundancy analysis (RDA) was performed to quantify the ionic effects of irrigation water on the variation of sunflower physiology. PCA and RDA were conducted using Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA), Statistical tests were run using the Monte Carlo permutation procedure. 
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Results
Chemical Characteristics of Irrigation Water
The ordination of irrigation water samples, numbered from 1 to 46, was assigned according to the gradient of ECw as shown in Figure 2 . Samples were distributed along the gradient from −0.6 to 1.0 on the PCA1 axis. Five polygons, with colors from blue to red representing the ECw ranges of 0.06-0.20 to 0.90-1.39 S/m, respectively, were also arranged in this order. As the concentration of Na, SO 4 , Mg, and Cl were more strongly positively correlated with the PCA1 axis, we concluded that these ions mainly decided the irrigation water salinity and the array of the samples along this axis. Na, SO 4 , Mg and Cl were the dominant ions in all irrigation water, accounting for, on average, 18.9%, 48.1%, 8.4%, and 20.0% of total dissolved solids, respectively. The NO 3 concentration mainly resulted in the variation of chemical components along the PCA2 axis. As the number along this axis was not regularly arranged, and the concentration of NO 3 had no statistical correlation with ECw value, this anion had no significant effect on irrigation water salinity.
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Changes in Sunflower Physiology Along Irrigation Salinity
The concentrations of Na, Ca, and Mg in leaves did not show a consistent relationship with ECw across the gradient ( Figure 3A-C) , revealing that sunflower leaves could uniformly absorb these ions under saline water irrigation. Irrigation salinity did not significantly change the leaf N concentration either ( Figure 3D ), although the range varied with ECw increase. The only effect on leaf nutrients was C concentration, which decreased steadily with increasing ECw (Figure 3E , P < 0.01). Although the effects of irrigation salinity on WC in leaves, fruits (flower discs and seeds), and roots ( Figure 3F, H, and I, respectively) were not statistically significant, we observed a trend where Although the effects of irrigation salinity on WC in leaves, fruits (flower discs and seeds), and roots ( Figure 3F ,H,I, respectively) were not statistically significant, we observed a trend where the leaf WC increased with ECw increase. Stem WC was positively related to salinity ( Figure 3G ), demonstrating that sunflower stem could retain more water under saline water irrigation.
The dry weight of different sunflower organs responded differently to irrigation salinity. The stem dry weight significantly decreased from low (0.06 S/m) to high (1.39 S/m) ECw with nearly a 25% loss ( Figure 3K ). At the P < 0.05 level, the dry weight of leaves, flower discs, and seeds were all negatively related with ECw ( Figure 3J,L,M, respectively) . These results indicated that irrigation salinity caused a significant reduction in the aboveground biomass of sunflower. The belowground biomass, however, showed a weak and insignificant relationship with irrigation salinity ( Figure 3N ): the root dry weight decreased marginally with increasing ECw.
Relationships between Irrigation Water Ions and Sunflower Physiology
The concentrations of seven irrigation water ions (W-K, W-Na, W-Ca, W-Mg, W-NO 3 , W-Cl, and W-SO 4 ) were correlated with those of leaf Na, Ca, Mg, N, and C by redundancy analysis ( Figure 4A ). The first two axes explained 76.0% of the variation. The first axis (Monte Carlo permutation test: F = 7.9, P = 0.002) showed a gradient of increasing W-Ca and W-Cl, and decreasing W-NO 3 concentrations. W-Ca and W-Cl concentrations were positively related with leaf Ca concentration (R 2 = 0.394, P = 0.007 and R 2 = 0.328, P = 0.026, respectively), even though the leaf Ca concentration did not change significantly with increasing ECw value ( Figure 3B ). All irrigation water ions except W-K significantly influenced the leaf C concentration, with W-Na (R 2 = −0.408, P = 0.005), W-SO 4 (R 2 = −0.394, P = 0.007), W-Mg (R 2 = −0.377, P = 0.010), and W-Ca and W-Cl (both R 2 = −0.559, P < 0.001) concentrations having a negative relationship and W-NO 3 (R 2 = 0.312, P = 0.007) concentration having a positive relationship. Although all seven ions explained 38.3% of the variation in the leaf elements, only W-Ca and W-Cl, which explained 9.7%, were significant in the Monte Carlo permutation test (F = 4.7, P = 0.002; and F = 4.7, P = 0.004, respectively).
As for the variation in WC in different sunflower organs, the first two axes explained 83.59% ( Figure 4B ). However, the two axes did not show a statistical significance with F = 5.7, P = 0.092 for the first axis and F = 2.9, P = 0.059 for the other. Five ions in irrigation water, which were significant in the Monte Carlo permutation test, explained the variation: W-Ca (8.3%, F = 4.0, P = 0.012), W-Cl (8.0%, F = 3.8, P = 0.012), W-Na (6.6%, F = 3.1, P = 0.012), W-NO 3 (6.6%, F = 3.1, P = 0.028), and W-SO 4 (5.7%, F = 2.7, P = 0.036 concentrations. Figure 4B shows that these ions mainly affected the stem WC, with W-NO 3 concentration being negative and the others being positive.
The RDA1 and RDA2 axes explained 96.37% of the change in sunflower biomass ( Figure 4C ). The first axis (F = 11.2, P = 0.042) showed a gradient of increasing irrigation water ions, while the second axis (F = 1.0, P = 0.996) divided the irrigation water ions and dry weight of different organs. The dry weights of stems, seeds, leaves, and flower discs were negatively correlated with all irrigation water ions concentrations. The root dry weight was mainly negatively correlated with W-Ca concentration. However, the water ions mainly affecting the sunflower dry weight were W-Na (10.4%, F = 5.1, P = 0.014), W-Mg (10.2%, F = 5.0, P = 0.014), and W-SO 4 (10.1%, F = 4.9, P = 0.024) concentrations, influencing the variation on both axes. The other three ions, W-Cl (7.9%, F = 3.8, P = 0.024), W-Ca (7.8%, F = 3.7, P = 0.028), and W-K (7.0%, F = 3.3, P = 0.046), explained a statistically significant amount of the variation. 
Discussion
The chemical composition of irrigation water plays an important role in determining plant growth and nutrient uptake [17] . PCA results indicated that irrigation water chemistry was mainly controlled by Na, SO4, Mg, and Cl concentrations in this sampling region. This is consistent with our previous research, where we observed that these ions increased more prominently than others as water salinity increases [18] . These ions commonly dominate in saline irrigation water elsewhere [19] . Relationship analysis of the ions showed strong positive correlations among Na, Mg, SO4, Cl, and Ca concentrations, implying a proportionate hydrochemical behavior of these ions in irrigation water [20] . Except for NO3 concentration, the value of ECw was positively correlated with each ion concentration, demonstrating that the ionic behavior changed as soon as groundwater became saline. Based on the polygon areas analyzed, irrigation water within an ECw range of 0.06 to 0.20 S/m was detected as having the most similar chemical components. Water within this ECw range was generally classified as fresh (<0.15 S/m) or brackish (0.15-0.30 S/m). This means that the chemical composition of fresh and slightly brackish water was more stable than saline water (>0.30 S/m). The irrigation water in the ECw range of 0.20 to 0.90 S/m showed the strongest variability, which was mainly influenced by NO3 concentration. As the natural concentration of NO3 in rainfall is small [21] , the concentration variation in groundwater is mainly derived from irrigation returns, which are common in agricultural areas [14] . These results showed that the behavior of saline water ions significantly changes, even within a similar water salinity range. 
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Generally, higher water salinity could significantly increase leaf Na concentration in a number of plants [22, 23] . However, we found that sunflower is able to express the high potential of inhibiting Na increase even under irrigation water salinity of 1.39 S/m: the concentration of Na in leaves was the same as under 0.06 S/m. Based on the relationship analysis ( Figure 4A ), we found no statistically significant correlation between the concentrations of leaf Na and any other ions or nutrients in irrigation water and sunflower leaves. These results indicate that sunflowers can adjust the Na balance to withdraw such ions from the leaves under high saline conditions, using a similar mechanism reported for halophytes [24] . Francois [9] reported that Na is largely excluded from sunflower tissues and its concentration only increases slightly even with increases in salinity levels, indicating that sunflower is a Na excluder. This may also the main strategy that operates in the sunflower leaves to avoid the toxic effects of harmful ions [25] , which reflects the specific adaptability of sunflower under long-term salinity stress.
The same trend continued in leaf Ca and Mg uptake, which showed little variation across the ECw gradient. Based on the relationship analysis ( Figure 4A ), we observed that irrigation water Ca and Cl (which all increased with increasing ECw) had significantly positive relationships with leaf Ca concentration. As Ca appears to be easy displaced from its membrane binding sites by other elements [26] , the reason for the little variation in Ca concentration, therefore, may be somewhat correlated with the leaf ion exchange, which plays an important role in maintaining ionic equilibrium in leaves. As a structural element in leaves, Ca tends to be less absorbed during senescence than most other elements [27] , which is possibly the main reason contributing to the smaller change in concentration. From these results, we simultaneously confirmed that ions in irrigation water exhibit significantly different behaviors in leaf nutrient uptake compared with water salinity, i.e., although leaf ion concentration did not increase with increasing water salinity, the ions contained in water (which had significant correlations with water salinity) could still significantly affect leaf ion balance. As for the effects on leaf Mg uptake, Rivelli et al. [22] observed no large differences between leaf Mg concentration in both saline and non-saline treatments; Bernstein et al. [28] reported that increases in salinity only reduced leaf Mg concentration in beet and had little or no influence on the leaves of several other vegetable crops. Ruiz et al. [29] found that salinity reduced leaf Mg concentration in citrus. Variable results may be produced by the compounds in saline water and their concentrations, the duration of irrigation, and the species and varieties of crops irrigated [30, 31] .
Until now, information on the effects of irrigation salinity on leaf N uptake has been controversial. The competition between ion concentration and nitrogen under saline conditions alters plant vital physiological processes, such as photosynthesis, since a large fraction of leaf N (about 60-80%) is invested in the photosynthetic machinery. In our study, irrigation salinity did not significantly affect the leaf N. However, leaf C had a positive relationship with leaf N concentration. This clearly indicates that sunflower can effectively regulate nitrogen partitioning for carbon assimilation machinery to optimize photosynthetic capacity and, hence, growth and development over a large range of saline conditions. Salt-induced decreasing leaf C with elevating irrigation salinity reflects a depressed carbon flux toward the synthesis of sugars at the cost of N assimilation. Together, our findings reveal that sunflower could maintain C-and N-assimilation processes in equilibrium through well-coordinated regulatory mechanisms to enable optimal sunflower growth and development under saline conditions [23] .
RDA results showed that Ca and Cl concentrations in irrigation water play a primary role in the variation in leaf Na, Ca, Mg, N, and C uptake. These two ions mainly had significant relationships with leaf Ca and leaf C. Combined with the above analysis, we conclude that Ca and Cl concentrations in irrigation water mainly affected the Ca-related ion exchange and C-and N-assimilation processes in sunflower leaves. There is much evidence indicating that external calcium is important in regulating ion relationships in plants and influencing C-N interactions [32] . Gardestrom et al. [33] found both the external NADH and NADPH dehydrogenases and the internal NADPH dehydrogenase are stimulated by Ca. As reported, a possible effect of Cl on plant physiology has been suggested by the sensitivity of leaf ribulose-l,5-bisphosphate carboxylase levels, and therefore the rate of assimilation of CO 2 to leaf Cl level and photosynthesis of the plant. If these effects were combined with those generated by the loss of K and Ca homeostasis, a drastic loss in plant viability could readily ensue [34] .
The results of this study show that the WC of sunflower stem increases gradually and became more positive as the irrigation salinity increases. This indicates that sunflower stems are able to absorb, even under high saline conditions, a sufficient amount of water. This might be due to a dilution effect due to salt-induced enhanced succulence, which is an important adaptive strategy that might contribute to the regulation of internal ion concentration [35] . Similar results have been reported for Atriplex griffithii [36] and Atriplex nummularia [37] . Lack of significant difference in leaf WC along irrigation the salinity gradient can be related to their uniform uptake of different ions detected in this study. The result is in agreement with the earlier findings of Ashraf and Naqvi [38] , who did not find any positive relationship between these osmotic and salt tolerance of four Brassica species under varying growth medium Na:Ca ratios. The same mechanism may also occur for the WC of fruits and roots. Five ions (Ca, Cl, Na, NO 3 , and SO 4 ) in irrigation water were found to mainly affect the sunflower WC of different organs, which could be explained by these ions' promotive effect on organs hydraulic conductivity or by changes in the osmotic pressure gradient between the organs and the surrounding medium [39] .
The opposing effects of salinity on plant biomass are a serious problem that has been reported by many researchers [40, 41] . Salinity imposes its effects through two mechanisms: ion excess and water deficit [42] . Every plant species has a different mechanism to cope with these effects [24] . In our study, although the significant uses in aboveground biomass of sunflower was detected, the decline in stem biomass was the most remarkable response of sunflower to irrigation salinity. However, the 25% loss in stem biomass suggests that salt tolerance for our tested variety of sunflower is much lower than reported by Ashraf and Tufail [43] . Except for NO 3 in irrigation water, the other six ions all significantly influence the dry weight of different sunflower organs. Na concentration explained the most variation, which is consistent with that reported. Although plant growth is primarily limited by the salinity (ECw) level of the irrigation water, the application of water with a sodium imbalance can further reduce yields [44] . Reductions in water infiltration can occur when irrigation water contains higher sodium than calcium and magnesium, which further aggravates the negative effects on plant productivity.
Conclusions
Irrigation water components in our study was mainly controlled by Na, SO 4 , Mg, and Cl concentrations. The ionic characteristics changed as soon as groundwater became saline, as fresh water shared the most similar chemical components whereas saline water showed the strongest variability in chemistry.
Irrigation water salinity had no significant effect on the concentrations of Na, Ca, Mg, and N in leaves, although Ca and Cl concentrations in irrigation water significantly increased leaf Ca concentration. The concentrations of Ca and Cl in irrigation water mainly affected ionic exchange and C-and N-assimilation processes in sunflower leaves, as leaf C concentration decreased steadily with salinity increase.
The water content in stems increased significantly with irrigation water salinity increase. However, no significant relationship was found between water salinity and WC in leaves, fruits, and roots. The results were mainly caused by Ca, Cl, Na, NO 3 , and SO 4 concentrations in irrigation water.
The dry weight in leaves, flower discs, and seeds were all significantly reduced from low to high salinity, while exhibiting a nearly 25% loss in stems and no influence was observed in roots. The concentrations of Na, Ca, Mg, K, Cl, and SO 4 in irrigation water mainly influence the dry weight of different organs.
